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Protamine Functionalized Single-Walled Carbon Nanotubes 
for Stem Cell Labeling and In Vivo Raman/Magnetic 
Resonance/Photoacoustic Triple-Modal Imaging
 Stem cells have shown great potential in regenerative medicine and attracted 
tremendous interests in recent years. Sensitive and reliable methods for stem 
cell labeling and in vivo tracking are thus urgently needed. Here, a novel 
approach to label human mesenchymal stem cells (hMSCs) with single-walled 
carbon nanotubes (SWNTs) for in vivo tracking by triple-modal imaging is 
presented. It is shown that polyethylene glycol (PEG) functionalized SWNTs 
conjugated with protamine (SWNT-PEG-PRO) exhibit extremely effi cient cell 
entry into hMSCs, without affecting their proliferation and differentiation. The 
strong inherent resonance Raman scattering of SWNTs is used for in vitro and 
in vivo Raman imaging of SWNT-PEG-PRO-labeled hMSCs, enabling ultrasen-
sitive in vivo detection of as few as 500 stem cells administrated into mice. 
On the other hand, the metallic catalyst nanoparticles attached on nanotubes 
can be utilized as the T2-contrast agent in magnetic resonance (MR) imaging 
of SWNT-labeled hMSCs. Moreover, in vivo photoacoustic imaging of hMSCs 
in mice is also demonstrated. The work reveals that SWNTs with appropriate 
surface functionalization have the potential to serve as multifunctional nano-
probes for stem cell labeling and multi-modal in vivo tracking. 
  1. Introduction 

 Mesenchymal stem cells (MSCs), also known as multipotent 
mesenchymal stromal cells, have presented promising appli-
cations in regenerative medicine, immunotherapy, and gene 
therapy in recent years. [  1–3  ]  Isolated from bone marrow, MSCs 
can be expanded in culture and differentiated into bone, carti-
lage, fat, muscle, and many other cell types. [  4  ,  5  ]  MSCs are also 
able to migrate to and proliferate within sites of infl amma-
tion and tumors as part of the tissue remodeling process, [  6–9  ]  
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making them an attractive therapeutic tool 
for cellular therapy of various diseases 
including cancer. 

 The in vivo monitoring of stem cells 
after grafting is essential for better 
assessing and understanding their 
viability, migrational dynamics, differ-
entiation processes, and regeneration 
potential. [  10,11  ]  Thus a reliable and cyto-
compatible labeling method for stem 
cells is critically needed. Transduction of 
MSCs with optical reporter genes such 
as green fl uorescent protein (GFP) and 
luciferase is commonly used for stem 
cell tracking. [  12–16  ]  Reporter genes can be 
expressed only in live cells and will be 
passed on to progeny cells for cell tracking 
in a relatively long period of time. How-
ever, this method requires genetic modi-
fi cation of the stem cells and is primarily 
suitable for optical imaging, which may 
only be applied in small animal models, 
such as mice, with limited clinical value. 
Therefore, various efforts have also been devoted to the effec-
tive labeling and tracking of stem cells with other exogenous 
contrast agents, including fl uorescent probes such as organic 
fl uorophores or inorganic quantum dots (QDs), [  17,18  ]  radio active 
isotopes, [  13  ,  19  ]  and magnetic nanoparticles [  20–23  ]  for fl uorescence, 
nuclear, and magnetic resonance (MR) imaging, respectively. 
Since each imaging modality has its own advantages and limits, 
multimodal imaging has become a new trend in mole cular 
imaging as well as stem cell tracking. [  24,25  ]  Development of 
multi functional imaging probes for effi cient stem cell labeling 
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and in vivo multimodal tracking is therefore important to facili-
tate stem cell research. 

 Single-walled carbon nanotubes (SWNTs) such as 1D 
quantum wires show various unique physical and chemical 
properties that are useful in the area of nanomedicine, which 
include biological sensing, drug delivery, cancer therapy, and 
biomedical imaging. [  26–38  ]  Semiconducting SWNTs exhibit 
bandgap photoluminescence with emission in the near-infrared 
(NIR) to infrared-A (IR-A) region, which is an excellent optical 
window for imaging in biological systems. [  32  ]  We and others 
have also used the strong resonance-enhanced Raman scat-
tering of SWNTs for in vitro and in vivo imaging. [  30  ,  39,40  ]  The 
high chemical and photo stabilities of SWNTs allow long-term 
tracking and imaging in biological systems. [  36  ]  As one of the 
“darkest” materials in the world, SWNTs exhibit strong optical 
absorption from visible to NIR regions, making them prom-
ising contrast agents in photoacoustic tomography (PAT). [  34  ,  41  ]  
Furthermore, a number of groups have also utilized carbon 
nanotubes anchored with metallic nanoparticles, which are 
usually catalyst impurities formed during nanotube growth, 
as the T2 contrast agent in MR imaging. [  40  ,  44  ]  On the other 
hand, although SWNTs without appropriate surface function-
alization could induce certain toxicity to the treated cells or 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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animals, a large number of reports have shown that SWNTs 
with biocomptiable coatings (e.g., polyethylene glycol (PEG) 
coating) appear to not be obviously toxic in vitro and in vivo 
in the tested dose ranges. [  26  ,  36  ,  42,43  ]  It has also been reported 
that functionalized SWNTs may be excreted from the injected 
animals by both renal and fecal excretion. [  36  ,  44,45  ]  Therefore, 
SWNTs appear to be an excellent platform for multimodality 
biomedical imaging. 

 Here, we use SWNTs as novel multifunctional imaging probes 
for labeling and in vivo tracking of human MSCs (hMSCs). It 
is found that conjugation of protamine (PRO), an arginine-
enriched protein, to PEG-functionalized SWNTs, is able to dra-
matically enhance the stem cell uptake of nanotubes by over 
an order of magnitude. No signifi cant exocytosis of nanotubes 
is noticed after cell labeling with SWNT-PEG-PRO, potentially 
allowing long-term tracking of labeled cells. Careful studies on 
the proliferation and differentiation of SWNT-labeled hMSC 
reveal that the SWNT labeling renders no appreciable negative 
effect to the viability, regeneration, and proliferation of stem 
cells. Utilizing the resonance Raman signatures of SWNTs, as 
few as 500 stem cells administrated into mice are successfully 
detected, presenting a remarkable improvement in tracking sen-
sitivity compared to a variety of previously reported stem cell 
mbH & Co. KGaA, Weinheim
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tracking methods such as fl uorescent imaging of QDs-labeled or 
GFP-expressing stem cells. [  46,47  ]  Triple-modal Raman/MR/PAT of 
SWNT-labeled hMSCs is demonstrated in mice.   

 2. Results and Discussion 

  2.1. Functionalization and Characterization of SWNT-PEG-PRO 

 SWNTs can be modifi ed by either covalent or noncova-
lent functionalization to acquire water solubility for further 
biological use. However, covalent functionalization method 
often disrupts the nanotube structure and drastically weakens 
     Figure  2 .     Magnetic properties of SWNTs. A,B) TEM images of raw Hipco SWNTs solid sample 
(A) and SWNT-PEG-PRO solution sample (B). A large number of metallic nanoparticles were 
observed on the surface of nanotubes. C) EDS of the SWNT-PEG-PRO sample showing strong 
Fe signals. D) The fi eld-dependent magnetization loop of SWNT-PEG-PRO sample. The absence 
of hystersis loop suggested the superparamagnetic property of SWNTs. E) T2-weighted MR 
images of SWNT-PEG-PRO solutions at different concentrations. F) T2 relaxation rates (R2) of 
SWNT-PEG-PRO sample solutions at different SWNT and Fe concentrations.  
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the photoluminescence and Raman scat-
tering of SWNTs. Here, a non-covalent 
approach is employed to functionalize 
SWNTs with an amphiphilic polymer, amine-
PEG-grafted poly(maleic anhydride-alt-1-
octadecene) (C18PMH-PEG-NH2), by simple 
sonication of raw nanotubes in an aqueous 
solution of C18PMH-PEG-NH2. The obtained 
PEGylated SWNTs (SWNT-PEG) were cen-
trifuged at a high  g -force (21000 g) for 1 h 
to discard any unstable aggregates. Excess 
uncoated polymer was removed by vacuum 
fi ltration through a 100-nm fi lter membrane. 

 Protamine is an arginine-enriched pro-
tein with abundant positive charges known 
to enhance the cellular uptake of nanomate-
rials. [  48  ]  We conjugate SWNT-PEG with amine 
functional groups on PEG terminals to thi-
olated protamine via a bifunctional maleimide 
linker ( Figure    1  A). [  31  ]  Unconjugated protamine 
was thoroughly removed by centrifugal ultra-
fi ltration. The synthesized SWNT-PEG-PRO 
conjugate exhibited excellent stability in var-
ious physiological solutions including saline, 
cell cultural medium, and serum (Figure  1 B). 
The zeta-potential of SWNT-PEG-PRO was 
measured to be 4.7 mV, a large increase from 
that of SWNT-PEG at –23 mV.  

 The UV-visible-near infrared (UV-vis-NIR) 
absorbance spectrum of SWNT-PEG-PRO 
showed various small peaks which could be 
assigned to SWNTs with different chirali-
ties. Compared to SWNT-PEG before pro-
tamine conjugation, SWNT-PEG-PRO exhib-
ited a strong protamine absorption peak at 
 ≈ 220 nm (Figure  1 C). Raman spectrum of the 
SWNT-PEG-PRO solution excited at 785 nm 
showed the SWNT characteristic peaks at 
200–300 cm  − 1 ,  ≈ 1400 cm  − 1 , and  ≈ 1590 cm  − 1 , 
which were the radial breathing mode (RBM), 
D-band mode, and G-band mode, respectively. 
The Raman G-band peak of SWNTs, whose 
intensity was linearly related to the nanotube 
concentration (Figure  1 D, inset), was utilized 
in our Raman imaging studies. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2363–2375
 Carbon nanotubes anchored with metallic nanoparticles origi-
nated from the catalyst metals (e.g., Co, Fe, Ni, and Mo) have been 
utilized by several different groups as the T2-contrast agent in 
MR imaging. [  49,50  ]  As expected, a large number of metallic nano-
particles were observed in transmission electronic microscopy 
(TEM) images ( Figure    2  A) of the starting SWNT solid sample 
synthesized by the high-pressure CO disproportionation method 
(Hipco). Importantly, nanoparticles with diameter of 5–8 nm 
remained on the nanotubes even after PEG-functionalization and 
water-solubilization of SWNTs (Figure  2 B). Energy-dispersive 
X-ray spectroscopy (EDS) of the SWNT-PEG sample revealed that 
the metallic nanoparticles anchored on nanotubes mainly con-
tained Fe and likely also Co (Figure  2 C), whose weight contents 
were measured by inductively coupled plasma atomic emission 
2365wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Stem cell labeling with SWNT-PEG and SWNT-PEG-PRO. A,B) Raman images of hMSCs incubated with SWNT-PEG (A) or SWNT-PEG-PRO 
(B) for 4 h. C) Raman spectra recorded from the pixels highlighted in (A) and (B). Inset: a photograph of hMSCs incubated with SWNT-PEG (right) 
or SWNT-PEG-PRO (left) after washing and centrifugation. D) Quantifi cation of the mean Raman signal intensity per cell of hMSCs incubated with 
SWNT-PEG or SWNT-PEG-PRO. E) T2-weighted MR images of untreated, SWNT-PEG labeled and SWNT-PEG-PRO labeled hMSCs. Cells suspended 
in agarose gel were transferred into a 96-well plate for MR imaging. F) The T2-weighted MR signals of various hMSC samples indicated. Error bars are 
based on triplicated samples or measurements.  
spectroscopy (ICP-AES) to be 6.26% (wt/wt) and 0.3% (wt/wt) for 
Fe and Co, respectively. Field-dependent magnetization measure-
ments of the SWNT-PEG sample suggested the superparamag-
netic nature of SWNTs attached with Fe/Co containing nano-
particles. An obvious concentration-dependent darkening effect 
was observed in T2-weighted MR images (Figure  2 E), showing 
a rather high transverse relaxivity (r2) of 482.6 m M   − 1  s  − 1  on the 
basis of the Fe concentration (Figure  2 F).    

 2.2. Stem Cell Labeling with SWNT-PEG-PRO 

 PEGylated SWNTs with and without protamine conjugation were 
then used for stem cell labeling. hMSCs collected from human 
66 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
bone marrow were incubated with 10 n M  SWNT-PEG or SWNT-
PEG-PRO for 4 h. After washing with phosphate buffered saline 
(PBS), cells were imaged using a HORIBA–Jobin–Yvon Raman 
microscope with a 785 nm laser as the excitation light source. It 
was found that hMSCs incubated with SWNT-PEG-PRO showed 
much stronger SWNT characteristic Raman scattering signals 
(G-band peak at  ≈ 1590 cm  − 1 ) compared to those incubated with 
SWNT-PEG ( Figure    3  A–C). The cells after SWNT-PEG-PRO labe-
ling turned to dark gray whereas those treated with SWNT-PEG 
exhibited no obvious color change (Figure  3 C, inset). To quantify 
the cell uptake of SWNTs, we followed a previously reported pro-
tocol [  28  ]  and integrated all spectra in a Raman spectroscopy image 
to get the total Raman intensity, which was divided by the number 
of cells in that image (Figure  3 D). When hMSCs were incubated 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2363–2375
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     Figure  4 .     Concentration dependent hMCS labeling by SWNT-PEG-PRO. A–D) Raman images of hMSCs labeled with different concentrations of 
SWNT-PEG-PRO for 4 h. E) The averaged Raman intensity per cell quantifi ed from Raman spectral images. F) T2-weighted MR image of hMSCs labeled with 
different concentrations of SWNT-PEG-PRO. G) Quantifi ed T2 weighted MR signal intensity. Error bars are based on triplicated samples or measurements.  
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with SWNT-PEG-PRO, the mean Raman signal intensity on cells 
increased by  ≈ 15 fold from that of cells exposed to SWNT-PEG. 
Control experiments uncovered that the SWNT-specifi c Raman 
signals on hMSCs incubated with a ultrahigh concentration of 
SWNT-PEG (100 n M ) over a long period of time (12 h) was still 
much lower than that on cells incubated with SWNT-PEG-PRO 
at 10 n M  for 4 h (Supporting Information Figure S1). Addition of 
free unconjugated protamine by itself offered no enhancement 
effect to the cellular uptake of SWNT-PEG (Supporting Informa-
tion Figure S1), suggesting that it was the conjugation of pro-
tamine on PEGylated SWNTs that dramatically increased the cell 
uptake effi ciency of nanotubes.  

 MR imaging was also used to evaluate the cell uptake effi -
ciency of SWNT-PEG-PRO and SWNT-PEG. We observed that 
the T2-weighted MR signals of hMSCs decreased after either 
SWNT-PEG or SWNT-PEG-PRO treatment for 4 h at a nanotube 
concentration of 10 n M . As expected, the MR image of SWNT-
PEG-PRO labeled cells appeared to be much darker compared 
to that of SWNT-PEG treated cells (Figure  3 E,F). 

 To understand the cell uptake mechanism of SWNT-PEG-
PRO, we labeled SWNT-PEG with a fl uorescent dye, fl uorescein, 
before protamine conjugation. Confocal fl uorescence micro-
scopy images revealed strong SWNT-fl uorescence in the cell 
cytoplasm after hMSCs were incubated with fl uorescein labeled 
SWNT-PEG-PRO for 4 h under 37  ° C (Supporting Information 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2363–2375
Figure S2A). In marked contrast, dim fl uorescence was 
observed only on the cell membrane but not in the cytoplasm 
if cell labeling was carried under 4  ° C (Supporting Information 
Figure S2B). Further incubation of those cells under 37  ° C, how-
ever, allowed cellular internalization of membrane-associated 
nanotubes (Supporting Information Figure S2C). These results 
suggested that the internalization of SWNT-PEG-PRO may pos-
sibly occur via the energy dependent endocytosis. [  40  ,  51  ]  

 To determine the optimal concentration of SWNT-PEG-PRO 
for stem cell labeling, hMSCs were incubated with SWNT-
PEG-PRO for 4 h at varied nanotube concentrations of 1 n M , 
3 n M , 10 n M , and 20 n M . Obvious increase in Raman signals 
and decrease in T2-weighted MR signals were observed as 
the increase of SWNT concentrations used during labeling 
( Figure    4  ). The signal intensities, however, started to saturate 
at concentrations above 10 n M . We thus chose 10 n M  for the fol-
lowed stem cell labeling studies.  

 A common problem in stem cell labeling and tracking is that 
the labeling probes could leak out from cells over time, leading to 
possible uptake of these probes by other nearby cells or macro-
phages and introducing false positive artifacts. [  11  ,  52  ]  We thus 
studied this issue by a transwell culture system ( Figure    5  A–E). 
SWNT-PEG-PRO labeled hMSCs were cultured in the upper 
compartment of the transwell culture system, while unla-
beled hMSCs were grown in the lower compartment. Control 
2367wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Long-term labeling of hMSCs. A) Raman images of SWNT-labeled hMSCs (the labeling SWNT concentration was 10 n M ) at different time 
post labeling. Right inset is a schematic of the transwell system. The upper and lower rows of Raman images were SWNT-labeled and unlabeled cells 
cultured in the upper and lower compartments of the transwell plate, respectively. The micropores in the membrane with a diameter of 1000 nm allowed 
the diffusion of nanotubes across the membrane. No appreciable SWNT-characteristic Raman signals were detected from cells growing in the lower 
compartment. B) T2-weighted MR images of SWNT-labeled hMSCs at different time post labeling. C,D) Quantifi ed Raman (C) and T2-weighted MR 
signals (D) from labeled hMSCs over time. While the averaged Raman intensity per cell showed an obvious trend of decrease due to cell proliferation, 
the MR signals were constant over 14 days since all cells in each sample were collected and fi xed in the same volume of agarose gel for MR imaging. 
The starting cell confl uence in each well was  ≈ 40–50%. Error bars are based on triplicated samples or measurements.  
experiment evidenced that nanotubes were able to freely diffuse 
through the microsporous membrane separating upper and lower 
compartments (Supporting Information Figure S3). Cells from 
both two compartments were imaged by the Raman microscope 
at different time points up to 10 days. Although it was found 
that the averaged Raman intensity per labeled cell was notably 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
decreased likely owing to the dilution of intracellular nanotube-
concentrations during cell proliferation (Figure  5 G), no apparent 
Raman signal was observed in unlabeled hMSCs cultured in the 
lower compartment. We also collected all labeled cells for MR 
imaging and found that the T2-weighted MR contrasts of hMSCs 
were fairly stable for 2 weeks (Figure  5 H). These data suggest 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2363–2375



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  6 .     Toxicity of SWNT-PEG-PRO to hMSCs. A) Proliferation of hMSCs 
labeled with SWNT-PEG-PRO at various concentrations. The relative cell 
viabilities were evaluated by methyl thiazolyl tetrazolium (MTT) assay. 
The starting cell confl uence in each well was  ≈ 10% to allow the rapid 
cell proliferation. B) Percentage of LDH leakage of hMSCs after various 
treatments indicated. C) Generation of intracellular ROS determined by 
DHE staining and FACS measurement. Error bars are based on triplicate 
samples at minimum.  
little, if any, exocytosis of SWNTs from labeled hMSCs, making 
it possible to use SWNT-PEG-PRO for long-term labeling of 
stem cells. Although a previous report has evidenced exocytosis 
of DNA-coated SWNTs from NIH-3T3 cells, [  40  ]  the intracellular 
fate of SWNTs may depend on cell types and surface coatings of 
nanotubes. Our data suggest very limited exocytosis of protamine 
conjugated PEGylated SWNTs from labeled hMSCs, promising 
the use of SWNT-PEG-PRO for long-term labeling of stem cells.    

 2.3. Interactions of SWNTs with Stem Cells 

 Numerous reports have explored the toxicology of carbon nano-
tubes in vitro and in vivo. [  53–57  ]  Although still under certain debate, 
it is generally accepted that the toxicity of carbon nanotubes is 
closely associated to their surface chemistry, and biocompatible sur-
face coatings would signifi cantly reduce the interference and tox-
icity of nanotubes in biological systems. [  53–57  ]  A number of groups 
have also studied the interactions between SWNTs and MSCs or 
other types of stem cells. [  58–60  ]  Barron et al. [  58  ]  reported COOH-
functionalized SWNTs were not obviously toxic and showed little 
impact to the viability, proliferation, and differentiation of hMSCs. 
However, there are also reports suggesting that carbon nano-
tubes could inhibit the proliferation and differentiation of stem 
cells. [  59  ]  Careful examinations are thus required to understand 
how SWNT-PEG-PRO interacts with hMSCs before we further 
use those nano tubes for stem cell tracking. 

 Multiple approaches were used to evaluate the potential cel-
lular toxicity of our SWNT-PEG-PRO to hMSCs from different 
aspects. Standard cell viability assay was fi rst carried out to 
check the proliferation of SWNT-labeled hMSCs. HMSCs were 
incubated with varied concentrations of SWNT-PEG-PRO for 
4 h and then transferred into fresh cell medium. The relative 
viabilities of hMSCs were assessed at different time points post 
SWNT-labeling ( Figure    6  A). No appreciable delay in cell prolif-
eration was noted for hMSCs labeled with SWNT-PEG-PRO at 
nanotube concentrations up to 20 n M .  

 To further look for the potential cell damage caused by 
SWNTs, we also examined the release of lactate dehydrogenase 
(LDH) from SWNT-PEG-PRO-labeled hMSCs. LDH release 
is an indicator of cell membrane damage, which leads to cell 
necrosis. It was found that the levels of released LDH from 
SWNT-PEG-PRO treated hMSCs were normal compared to 
the untreated control, suggesting no obvious cell membrane 
damage induced by SWNT-labeling (Figure  6 B). 

 Reactive oxygen species (ROS) are small molecules such as 
•O 2 −  , •OH, and H 2 O 2 , which can damage biomacromolecules 
such as DNA, proteins, and lipids, resulting in a high degree 
of cytotoxicity. It has been found that a number of nanomate-
rials are able to induce oxidative stress to cells by generating 
ROS. [  61,62  ]  In our study, fl ow cytometric quantifi cation of intra-
cellular ROS by the dihydroethidine (DHE) probe revealed no 
signifi cant increase in the percentage of DHE positive cells 
after treatment with different concentrations of SWNT-PEG-
PRO (Figure  6 C and Supporting Information Figure S4,S5), in 
marked contrast to the positive control cells treated with H 2 O 2 . 

 HMSCs can be differentiated into various cell types useful 
in tissue repairing and regeneration. We next investigated 
the impact of SWNT-PEG-PRO labeling to the differentiation 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2363–2375
capability of hMSCs. To examine the pluripotency of hMSCs, 
SWNT-PEG-PRO labeled cells (10 n M  of SWNTs) were cultured 
in adipogenic and osteogenic medium for 2 weeks. Following 
adipogenic differentiation, intracellular lipid droplets in SWNT-
labeled hMSCs were observed in the same frequency as the 
control unlabeled hMSCs. Oil-red O (ORO) staining revealed the 
formation of lipid vacuoles by both unlabeled hMSCs as well as 
SWNT-labeled hMSCs ( Figure    7  D–F) during adipogenic differ-
entiation. Colorimetric quantifi cation of the extracted ORO from 
cells [  63  ]  at day 14 demonstrated the similar levels of adipogenic 
differentiation between unlabeled and SWNT-labeled hMSCs.  
2369wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Differentiation of SWNT-labeled hMSCs. SWNT-PEG-PRO (10 n M ) labeled cells were differentiated to osteoblasts and adipocytes in vitro and 
stained by ARS and ORO, respectively. A) ARS stained normally cultured hMSCs (non-differentiated). B,C) ARS stained unlabeled (B) and SWNT-labeled 
(C) hMSCs after being cultured in osteogenic culture for 14 days. D) ORO stained normally cultured hMSCs (non-differentiated). E,F) ORO stained 
unlabeled (E) and SWNT-labeled (F) hMSCs after being cultured in adipogenic culture for 14 days. G,H) Quantifi cation of osteogenic differentiation 
(G) and adipogenic differentiation (H) of unlabeled and SWNT-labeled hMSCs after being cultured in the respective induction cultures for 14 days. 
The levels of differentiation were determined by measuring the 405 nm absorbance of ARS and ORO after they were extracted from cells. Error bars 
are based on triplicate samples.  
 Osteogenic differentiation of hMSC was also tested by cul-
turing unlabeled and SWNT-labeled hMSCs in osteogenic 
medium for 14 days. Alizarin red S (ARS) was applied to 
stain calcium deposits, which were an indicator of osteogenic 
differentiation (Figure  7 A–C). An ARS-based assay was also 
performed to quantify the level of osteogenesis by measuring 
the absorbance of ARS at 404 nm extracted from cells. [  64  ]  Both 
stained cell images and quantifi cation data revealed that hMSCs 
labeled with SWNT-PEG-PRO had similar differentiate capa-
bility compared with normal unlabeled hMSCs. 

 Our date collectively suggest that SWNT-PEG-PRO has min-
imal toxicity to hMSCs at concentrations above the labeling 
concentration (10 n M ), despite the ultraeffi cient cellular uptake 
370 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
of those protamine conjugated nanotubes. More importantly, 
the differentiation potential of hMSCs is also not noticeably 
affected by the SWNT-labeling. The SWNT-PEG-PRO developed 
here may indeed be a biocompatible probe applicable for stem 
cell labeling and tracking.   

 2.4. In Vivo Stem Cell Tracking by Triple-Modal Imaging 

 To explore the possibility and detection sensitivity of SWNT-
based stem cell labeling and tracking, various numbers of 
hMSCs (2  ×  10 4  to 500) labeled with SWNT-PEG-PRO at 10 n M  
were subcutaneously injected onto the back of a nude mouse. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2363–2375
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     Figure  8 .     Detection sensitivity of SWNT-based stem cell labeling and Raman tracking. A) A photograph of a nude mouse used in the experiment. Dif-
ferent numbers of SWNT-labeled hMSCs (10 n M  of SWNTs during labeling) were subcutaneously injected into the back of this mouse. B–G) Raman 
images of various numbers of hMSCs (0–2  ×  10 4 ) labeled with SWNT-PEG-PRO. H) Quantifi cation of Raman signals showed nearly linear relationship 
between cell numbers and integrated total Raman intensities.  
Raman mapping was carried out to image this live mouse under 
anaesthesia. A 785 nm laser was used as the excitation source 
for Raman spectroscopic mapping. Strong SWNT-characteristic 
G-band signals were detected on sites injected with hMSCs 
labeled by SWNT-PEG-PRO. Quantifi cation of Raman signals 
showed nearly linear relationship between cell numbers and 
integrated Raman intensities. Even at the cell number as low 
as 500 ( Figure    8  ), Raman signals from SWNTs were still clearly 
distinguishable from the background. The stem cell detection 
sensitivity of our SWNT-based labeling method is much higher 
than that of QD-labeled cells (detection limit  ≈ 5000 cells) [  47  ,  65  ]  
under fl uorescence imaging. [  46  ,  64  ]  While the sensitivity of 
fl uorescence imaging mainly suffers from the background 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2363–2375
autofl uorescence of biological tissues, the rather sharp Raman 
emission peaks with full width at half-maximum (FWHM) of 
1–2 nm can be easily differentiated from the autofl uorescence 
background, [  28  ]  allowing greatly improved detection sensitivity.  

 Magnetic resonance imaging (MRI) is one of the most pow-
erful non-invasive imaging techniques to image the whole 
human body for applications in clinical diagnosis and prognosis, 
providing both anatomic and functional information. On the 
other hand, PAT, a recently developed imaging technique, has 
also attracted signifi cant interests in the fi eld of biomedical 
imaging. [  34  ,  41  ,  66–68  ]  Compared with traditional optical imaging, 
PAT shows remarkably improved imaging depth due to the excel-
lent soft tissue penetration ability of sound and is able to achieve 
2371wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  9 .     In vivo triple-modal imaging of SWNT-labeled hMSCs. Unlabeled and SWNT-labeled 
hMSCs (10 n M  of SWNTs during labeling) were subcutaneously injected into the back of a nude 
mouse before imaging. A) In vivo T2-weighted MR image. Arrows pointed to the sites where 
unlabeled (left) and SWNT-labeled (right) hMSCs were injected. B,C) In vivo Raman images 
of unlabeled (B) and SWNT-labeled (C) hMSCs. D,E) In vivo PAT images of unlabeled (D) and 
SWNT-labeled (E) hMSCs. The circles highlighted the locations were hMSCs were injected. PA 
signals in the rectangle highlighted in D were from a blood vessel crossing this area.  
cellular level resolution while imaging whole animals, which is 
advantageous for applications in stem cell tracking. [  66  ,  68  ]  SWNTs 
with strong visible-to-NIR optical absorption and attached with 
magnetic metallic nanoparticles may thus be utilized as both 
PAT and MR imaging contrasts simultaneously. 

 In our experiment, hMSCs (2  ×  10 5 ) labeled with or without 
SWNT-PEG-PRO were subcutaneously transplanted into the back 
of a nude mouse, which was then imaged under a 3-T clinical 
MRI scanner, a Raman spectroscopic microscope, and an in vivo 
PAT system ( Figure    9   and Supporting Information Figure S6). 
Compared to unlabeled cells, which were not detectable by the 
72 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  10 .     Long-term tracking hMSCs in vivo. hMSCs (2  ×  10 6 ) labeled with SWNT-PEG-PRO we
mice. MR (the upper row) and Raman (the lower row) images were obtained 1 day (A), 3 days (
data suggested that hMSCs labeled with SWNT-PEG-PRO could be easily detected by both MR a
subcutaneous transplantation.  
three different imaging modalities, strong 
Raman signals, obvious darkening effect in 
the T2-weighted MR image, and intense PA 
signals were observed from the site where 
the SWNT-labeled hMSCs were injected. It 
is worth noting that a 532 nm laser, which is 
not ideal for in vivo imaging, was used in the 
PAT experiments. Due to the light absorption 
by the blood hemoglobin, blood vasculatures 
surrounding the injection site caused certain 
interference to the SWNT PA signals from 
stem cells. This problem, however, could be 
easily resolved by using a NIR laser as the light 
source in our future studies. [  34  ,  41  ]  The possible 
false MR or PAT contrast may also be easily 
excluded by Raman imaging of SWNT-specifi c 
signals, an obvious advantage for multimodal 
imaging that is able to circumvent limitations 
of a single imaging technique. Nevertheless, 
to our best knowledge, this is the fi rst demon-
stration of using PAT for in vivo stem cell tracking.  
 At last, we conducted in vivo MR and Raman tracking of 

SWNT-labeled hMSCs over one week. hMSCs (2  ×  10 6 ) labeled 
with SWNT-PEG-PRO were injected subcutaneously into the 
back of the nude mice. MR and Raman images were obtained 
1, 3, and 7 days after transplantation ( Figure    10  ). It was found 
that SWNT-labeled hMSCs could be clearly detected by both two 
imaging techniques for up to 7 days following subcutaneous 
transplantation. Our data evidence the capability of using our 
SWNT-labeling method for in vivo stem cell tracking over a rela-
tively long period of time.     
heim

re injected subcutaneously into the back of the nude 
B), and 7 days (C) after transplantation. Our imaging 
nd Raman imaging techniques up to 7 days following 
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 3. Conclusion 

 We have used SWNTs as a novel multifunctional imaging probe 
for effi cient stem cell labeling and multimodal in vivo tracking 
for the fi rst time. It is found that the conjugation of protamine 
on PEGylated SWNTs could dramatically increase the uptake of 
nanotubes by hMSCs, allowing effi cient cell labeling at a low 
SWNT concentration. Systematic in vitro tests uncover that 
our SWNT-PEG-PRO induces neither membrane damage nor 
oxidative stress to the labeled hMSCs. The proliferation and 
differentiation of hMSCs are also not notably affected by SWNT-
labeling. Because of the high cell labeling effi ciency and strong 
resonance Raman scattering of SWNTs, ultrasensitive in vivo 
detection of hMSCs with a detection limit down to 500 cells is 
realized by Raman imaging, which is a signifi cant improvement 
from fl uorescent imaging of GFP-expressing or QD-labeled 
stem cells. [  46  ,  47  ]  In vivo Raman, MR, and PAT triple-modal 
imaging of SWNT-labeled hMSCs is further demonstrated in 
living mice. Moreover, the limited exocytosis of intracellular 
nanotubes allows tracking of SWNT-labeled hMSCs over a rela-
tive long period of time. Our results highlight the promise of 
well-functionalized SWNTs as novel biocompatible multimodal 
probes for stem cell labeling and tracking.   

 4. Experimental Section 
  Preparation of SWNT-PEG-PRO : C18PMH-PEG-NH2 polymer was 

synthesized according to previous reports. [  69,70  ]  Raw Hipco SWNTs 
at a concentration of 0.2 mg mL  − 1  were sonicated in a solution of 
C18PMH-PEG-NH2 polymer (3 mg mL  − 1 ) for 1 h, yielding a black SWNT 
suspension, which was centrifuged at 21 000 g for 1 h to remove big 
aggregates. Excess polymer was removed by vacuum fi ltration of the 
nanotube solution through a 0.1  μ m membrane. After repeated water 
washing, SWNTs collected on the fi lter membrane were re-suspended 
in water by a brief sonication and centrifuged at 21 000 g for 10 min to 
remove any aggregates formed during the fi ltration step. The obtained 
SWNT-PEG solution was stored at 4  ° C for future use. 

 SWNT-PEG-PRO was synthesized by a two-step produce. First, 1 mL 
of SWNT-PEG (300 n M ) was mixed with 1 mg of sulfosuccinimidyl-4-
( N -maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC, Pierce) in 
phosphate buffered saline (PBS, pH 7.4). After 2 h of reaction, excess 
Sulfo-SMCC was removed using a centrifugal fi lter device (molecular 
weight cut-off MWCO  =  100 kDa) to purify the SMCC active SWNTs. In 
the meantime, protamine (Sigma, 10 mg mL  − 1 ) was thiolated by reacting 
with the Traut’s Reagent (2-iminothiolane, Pierce) in PBS (pH 7.4) at a 
molar ratio of 1:2 for 2 h at 4  ° C. At last, the SMCC activated SWNT-PEG 
and protamine-SH was mixed in PBS (pH 7.4) at a molar ratio of SWNT: 
Protamine  =  1:5000. After 24 h reaction at 4  ° C, excess protamine was 
removed using the centrifugal fi lter device (MWCO  =  100 kDa). The 
obtained SWNT-PEG-PRO was stored at 4  ° C until use. The SWNT 
concentration was quantifi ed by a molar extinction coeffi cient of 7.9  ×  
10 6   M   − 1 cm  − 1  at 808 nm (assuming nanotubes have an average length of 
150 nm and an averaged diameter of 1.2 nm). [  29  ,  71  ]  

  Cell Culture : hMSCs were a gift from the Shanghai Blood Center 
and were cultured in low-glucose Dulbecco’s modifi ed Eagle medium 
(L-DMEM, Hyclone) supplemented with 10% fetal bovine serum (FBS) 
(Gibco) and 1% penicillin/streptomycin (Gibco), with medium changed 
every 3–4 days. All cell cultures were maintained under the 5% CO 2  
atmosphere at 37  ° C. 

  Cell Labeling with SWNTs : SWNT-PEG or SWNT-PEG-PRO of various 
concentrations were incubated with hMSCs in six-well (50 000 cells per 
well) or 96-well (1  ×  10 3  cells per well) culture plates for 4 h, followed by 
repetitive washing with PBS to remove unbound SWNTs. Labeled cells 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2363–2375
were then cultured in fresh cell medium for desired periods of time. The 
cell proliferation was studied by measuring the cell viabilities using the 
standard MTT (Sigma-Aldrich) assay. 

 A transwell system was used to study whether SWNTs in labeled 
hMSCs were released and entered unlabeled hMSCs. hMSCs were 
cultured in the transwell insert (upper compartment) incorporating 
polyethylene terephthalate (PET) track-etched membranes (pore size 
of 1000 nm, BD Biosciences). Unlabeled hMSCs were cultured in the 
underlying plate well (lower compartment). At different time points, 
cells were digested with trypsin for Raman imaging. 

  ROS Assay : ROS production was evaluated by a hydroethidine (HE) 
probe known be oxidized by various oxidative agents. In brief, cells were 
treated for 24 h with different concentrations of SWNT-PEG-PRO. After 
trypsination, cells were centrifuged at 1000 rpm for 5 min, re-suspended 
in cell culture medium containing 1  μ  M  HE (sigma), and analyzed using 
a fl ow cytometry (FACS Calibur from Becton-Dickinson). 

  LDH Assay : The cell membrane integrity can be determined by lactate 
dehydrogenase (LDH) leakage assay. LDH leakage was measured using 
a cytotoxicity detection kit (Promega Cat. 7891) following the vendor’s 
protocol. In this experiment, hMSCs lysed by 1% Triton-X-100 were 
used as the positive control, while the cell-free medium was used as the 
negative control. The analysis was performed with a microplate reader 
(Bio-Rad). 

  Differentiation of Loaded MSC : Differentiation capacity of hMSCs 
was assessed by adipogenic and osteogenic differentiation-induction 
experiments. For adipogenic differentiation, hMSCs with or without 
SWNT-labeling were plated at a density of 2  ×  10 4  cells cm  − 2  in a 24-well 
culture plate. When the cells were confl uent, adipogenic differentiation 
was initiated by adding an induction culture containing L-DMEM cell 
medium supplemented with 10% FBS, 1  μ  M  dexamethasone, 60  μ  M  
indomethacin, 5  μ g mL  − 1  insulin, and 0.5 m M  3-isobutyl-l-methylxanthine. 
The induction medium was changed every 3 days until the 14th day. 
Cells were then fi xed and stained with 0.3% Oil-red-O. 

 The osteogenic induction culture was L-DMEM supplemented with 
10% FBS, 0.1  μ  M  dexamethasone, 50 mg L  − 1  ascorbic acid, and 10 m M  
 β -glycerophosphate. The culture medium was replaced every 3–4 days. 
After being cultured for 14 days, cells were fi xed and stained by Alizarin 
red S. 

  In Vitro Raman Imaging of SWNT-Labeled hMSCs : Raman spectroscopic 
imaging was performed using a LabRam HR Raman microscope 
(Horiba Jobin Yvon Inc.) with a 785 nm laser as the excitation source 
and a 50 ×  objective for Raman mapping. A drop of cell suspension was 
sealed between two thin quartz cover-slides for imaging. Step distances 
of 2–10  μ m were used during mapping, depending on the image sizes. 
The spectral integration time was 0.1 s at each mapping point. A low 
laser power of 8 mW (10% of initially total power of the laser) was used 
during imaging to avoid heating of SWNT-labeled cells. 

  In Vivo Raman, MR, and PAT Triple-Modal Imaging of SWNT-Labeled 
hMSCs : Athymic nudemice (weight  ≈  20 g) were purchased from Suzhou 
Belda Bio-Pharmaceutical Co. and used under protocols approved by 
Soochow University Laboratory Animal Center. 

 Raman images were obtained by using a Raman point mapping 
method. A computer-controlled  x – y  translation stage was used to 
rasterscan the mouse, creating a spectral image by measuring the Raman 
spectrum of each individual pixel in the area of interest. A 785 nm laser 
(80 mW) and a 10 ×  objective were used during imaging. 

 MR imaging was accomplished with a 3-T clinical MRI scanner 
equipped with a special coil used for small animal imaging. 

 PAT imaging was carried out on a home-made acoustic-resolution 
photoacoustic microscopy (AR-PAM) system (Supporting Information 
Figure S6), similar to the previous reported system. [  66  ]  During imaging, 
laser pulses (532 nm from a Nd:YAG laser with a repetition rate of 10 Hz 
and a pulse width of 10 ns) were coupled into a fi ber, went through a 
dark-fi eld illumination path, and fi nally reached the tissue under skin. A 
focused ultrasonic transducer (numerical aperture: 0.4, center frequency 
at 20 MHz) was used to detect PA signals. Mounting on an  x – y  
motorized translational stage, the PAM system performed a 2D raster 
scanning with a step distance of 100  μ m.  
2373wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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